Lithium silicate (Li 4 SiO 4 ) and lithium zirconate (Li 2 ZrO 3 ) absorb CO 2 in a lower temperature range and the absorbed CO 2 is released reversibly in a higher temperature region. In this study, various metal oxides and hydroxides and their complex oxides containing Li were investigated for their CO 2 absorption properties at different temperatures in order to get better understanding of the related mechanism.
Introduction
Carbon dioxide concentration in the global atmosphere is rising rapidly due to mass consumption of fossil fuels and carbon dioxide gives rise to the greenhouse effect. The Kyoto protocol adopted in 1997 requires reduction of such greenhouse gases. In order to eliminate a large amount of greenhouse gases, in particular CO 2 , recovery and fixation technologies are required. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Those technologies are classified as physical and chemical methods. Carbon dioxide absorption amount into solutions such as water and alkalis depends on pressure and temperature under several physical methods. However, CO 2 is discharged easily from absorbents by decompression and heating with the physical methods. In the case of chemical absorption reactions using monoethanolamine or K 2 CO 3 , treatment cost of the CO 2 -absorbed solution is very high.
We focus on the carbonation reactions of metal oxides and hydroxides, which reveals that the absorbents can be used repeatedly and CO 2 can be concentrated, in order to recover CO 2 . Carbon dioxide is fixed in a form of solid through chemical reactions and is discharged reversibly. Carbonation of various kinds of materials affects atmospheric CO 2 concentration in the world. Lithium silicate (Li 4 SiO 4 ) and lithium zirconate (Li 2 ZrO 3 ) were recently recognized as new CO 2 absorbents by Nakagawa et al. [1] [2] [3] [4] [5] They absorb CO 2 below 973 K and the absorbed CO 2 is released reversibly in the higher temperature region. If those materials are used as CO 2 absorbents, CO 2 can be separated selectively from high temperature gas containing CO 2 without cooling. It leads to the development of a CO 2 removal device which can be used successively. However, the reactivity and mechanism of CO 2 absorption under various reaction conditions and the effect of the kind of metal oxides and metal hydroxides absorbents on reaction rate have not been investigated systematically. We would like to install removal devices for exhaust gas containing CO 2 in high concentration at high temperature discharged from factories or garbage incineration facilities.
In this paper, various metal oxides and hydroxides and their complex oxides containing Li were systematically investigated for their CO 2 absorption properties at different temperatures in order to clarify the related reaction mechanism. Reactivity with CO 2 was evaluated by measuring weight changes resulting from CO 2 absorption and release under various temperatures. Carbonation speed at various temperatures was obtained from weight increase and contact time of CO 2 . Carbon dioxide absorption and release for Li 4 SiO 4 was confirmed repeatedly as a CO 2 absorbent. The equilibrium constants for the observed carbonation reaction below 1273 K were calculated on the basis of thermodynamics and compared with the experimental results.
Materials and Experimental
The Li-containing complex oxides (Li 4 SiO 4 , Li 2 ZrO 3 and LiAlO 2 ) were synthesized from the mixture containing Li 2 CO 3 and each metal oxide (SiO 2 , ZrO 2 and Al 2 O 3 ) by the heat treatment at 1273 K for 10 h in an electric furnace. As all starting material, the reagents obtained from Wako Co., Ltd. were used.
Weight change due to CO 2 absorption and release was recorded on a thermogravimetric instrument (TGA-50, Shimadzu Co.). Samples were heated to 1273 K at a constant heating rate of 298 K/min under the CO 2 flow of 100 cm 3 / min. The CO 2 absorption experiments were carried out under atmosphere pressure.
In order to measure CO 2 absorption rate at various temperatures, the weight changes were determined by TG analysis when samples were held at 637 K, 773 K, 873 K and 973 K under CO 2 atmosphere for 10 h. Absorption at 973 K and release at 1273 K were repeated 5 times for * 1 Graduate Student, Kansai University * 2 Corresponding author, E-mail: shibata@kansai-u.ac.jp Li 4 SiO 4 . The reaction time for CO 2 absorption and release were both 0.5 h.
An X-ray diffraction analyzer (JDX-3530, JEOL Co.) was used to identify the crystal structure of the products obtained after the reaction with CO 2 at various temperatures. After the determination of the reaction equation with CO 2 , the temperature corresponding to ÁG o ¼ 0 for CO 2 absorption was thermodynamically calculated with the HSC chemistry ver. 5.1 (Chemical Reaction and Equilibrium Software with Extensive Thermochemical Database, Outokumpu Co. ), and compared with experimental results.
Results and Discussion
Experimental results of CO 2 absorption and release with various substances are summarized in Table 1 . The feasibility of CO 2 absorption and release is indicated by Yes and No in the table. The maximum increase of weight is corresponding to the maximum value of weight change in the observed TG curve. The reaction ratio means the percentage of the measured weight change compared to theoretical complete carbonation. The observed temperatures at inflection points (T obs ) and the temperature corresponding to ÁG o ¼ 0 (T th ) based on thermodynamics are compared. As a result, CO 2 absorption and release reactions take place for Li 4 SiO 4 , Li 2 ZrO 3 , CaO and Ca(OH) 2 . Carbonation of Li 2 O proceeds at below 1273 K only. Other materials do not react with CO 2 . More information for CO 2 absorption and release reactions with several materials is described below.
The weight change and equilibrium constant of reaction between Li 4 SiO 4 and CO 2 are shown in Fig. 1 as a function of reaction temperature. The inflection point in the TG curve, at which predominant reaction changes from CO 2 absorption to CO 2 release, is observed at around 973 K. The maximum weight increase due to absorption of CO 2 is 32% at 973 K. Reaction ratio is calculated to be 87.2% from measured weight change compared to theoretical complete carbonation. Figure 2 shows the XRD patterns of products obtained at 973 K and 1273 K for Li 4 SiO 4 . Li 2 CO 3 is verified as a result of CO 2 absorption at 973 K. The CO 2 absorption is based on the formation of Li 2 CO 3 and the decomposition of Li 4 SiO 4 . The Li 4 SiO 4 is formed again by releasing CO 2 in the temperature region from 973 K to 1273 K. The reaction equation between Li 4 SiO 4 and CO 2 is given as follows;
The temperature corresponding to ÁG o ¼ 0 for the reaction (1) is found to be 973 K from thermodynamical calculations. This temperature is very close to the experimental results. When the above reaction occurs, the weight of solid is estimated to increase by 36.7%. CO 2 absorption is found predominant over CO 2 release from the calculations, at a temperature lower than 973 K. However, the weight change does not appear actually below 673 K in spite of large equilibrium constant in the lower temperature region. Reaction kinetics of absorption is thought to be more decisive.
In order to measure CO 2 absorption ratio for Li 4 SiO 4 in a lower temperature region, samples were kept at various temperatures above 673 K under CO 2 flow for 10 h. The results are shown in Fig. 3 . At 973 K, weight increase takes place quickly for 0.5 h and the maximum increase is 34% for 10 h. At 873 K, the weight increase by absorbing CO 2 is 12.2% for 10 h. On the other hand, weight change is hardly observed at 673 K and 773 K after reaction with CO 2 for 10 h. CO 2 absorption takes place very slowly below 873 K.
The absorption at 973 K and the release at 1273 K were repeated 5 times for Li 4 SiO 4 in order to examine the cyclic behavior. The results are shown in Fig. 4 . The material obtains 30% of increase in weight in the initial stage of carbonation. The CO 2 absorption and release are found to occur promptly at the corresponding temperatures. The material recovers the original weight after every CO 2 release. It is observed from the XRD patterns of reaction products that the material maintains its crystal structure through the repeated CO 2 absorption and release. Though slight amount of CO 2 absorption decreases with the number of repeating operations, repeated use of Li 4 SiO 4 is expected.
Weight change and equilibrium constant for the CO 2 absorption and release with Li 2 ZrO 3 is given in Fig. 5 . An inflection point is observed at around 973 K like the result with Li 4 SiO 4 . Li 2 ZrO 3 exclusively absorbs CO 2 below 973 K and releases above 973 K. The maximum gain of weight is 13%, which is less than that with Li 4 SiO 4 . The XRD patterns of the products which reacted with CO 2 at 973 K and 1273 K are shown in Fig. 6 . Li 2 CO 3 is found at 973 K. By heating to 1273 K, Li 2 ZrO 3 appears again while Li 2 CO 3 disappears. The reaction equation between Li 2 ZrO 3 and CO 2 is given as follows;
The temperature corresponding to ÁG o ¼ 0 is calculated to be 973 K for the above equation. This value coincides with the inflection point. Reaction ratio is calculated to be 28.7% from the ratio between the observed weight increase and theoretical one. Li 2 ZrO 3 fixes CO 2 in the form of lithium carbonate up to 973 K.
Though it is not shown in the figure for LiAlO 2 , any increase of weight is not observed in the TG analysis results. The weight of solid is expected to increase by 31.5% theoretically when LiAlO 2 fully absorbs CO 2 . It is found from thermodynamical calculation that CO 2 absorption reaction can proceed below 673 K and CO 2 release reaction becomes predominant above 673 K. The reason why no weight increase appears for LiAlO 2 is caused by the slow carbonation rate below 673 K. It is supposed that LiAlO 2 CaO is used as a CO 2 absorbent, the weight change is observed above 673 K and the maximum increase of weight is 19% at 1173 K. The observed temperature to obtain the maximum weight is close to the thermodynamically calculated results. In the case of Ca(OH) 2 , carbonation and dehydration occur at the same time below 1173 K as presented in Fig. 7 . The maximum weight change is 33%. Above 1173 K, CO 2 is released by decomposition of CaCO 3 . At 1273 K, weight decreases to 27% from the original weight. It coincides with the calculated values of weight change by dehydration. On the basis of thermodynamics, carbonation of Ca(OH) 2 is a predominant reaction below 1273 K. In fact, the CO 2 absorption reaction occurs below 1173 K because CaCO 3 decomposes severely above 1173 K. The temperature corresponding to ÁG o ¼ 0 for CO 2 absorption by MgO and Mg(OH) 2 are calculated to be 573 K and 753 K, respectively. However, no weight increase is observed in the TG curves of both materials. As stated above, CO 2 absorption ratio is the most responsible for the phenomena.
From a series of CO 2 absorption tests with various metal oxides and metal hydroxides, Li 4 SiO 4 is found to be the best absorbent to separate CO 2 from a viewpoint of reaction ratio with carbonation.
Conclusion
Various metal oxides and hydroxides and their complex oxides containing Li were investigated for the reactivity, performance and feasibility as CO 2 absorbents.
Carbon dioxide absorption is based on the formation of Li 2 CO 3 and the decomposition of Li 4 SiO 4 . The inflection point in the TG curve is found to be 973 K for Li 4 SiO 4 . It absorbs CO 2 to increase by 33% in weight up to 973 K and decomposes to Li 2 CO 3 and Li 2 SiO 3 above 973 K. Carbonation of this material is a predominant reaction below 973 K according to the thermodynamic calculation, but, CO 2 absorption reaction almost does not proceed in the lower temperature range below 673 K. The carbonation and decomposition could be carried out 5 times repeatedly at the most suitable temperature. Li 2 ZrO 3 reacts with CO 2 in the same way as Li 4 SiO 4 below 973 K. The weight increase is 13%, which is less than that of Li 4 SiO 4 at 973 K. The inflection point of CaO is found to be 1127 K. The temperature at inflection point is very close to the thermodynamically calculated results. CO 2 absorption takes place very slowly in the lower temperature region below 673 K, while it happens quickly at 973 K.
On the other hand, no weight increase is observed for some materials examined in this study even if CO 2 absorption reaction is expected thermodynamically. For example, magnesium oxide and hydroxide do not react with CO 2 below 1273 K.
Consequently, Li 4 SiO 4 is found to be the best material in our study to separate CO 2 from exhaust gas. The weight increase and reaction ratio of Li 4 SiO 4 after carbonation are the largest among the studied materials. The observed carbonation speed is fast at the optimal temperature of 973 K. 
